Protein lysine acetylation (KAC) is a dynamic and reversible post-translational modification that has important biological roles in many organisms. Although KAC has been shown to affect reproductive development and meiosis in yeast and animals, similar studies are largely lacking in flowering plants, especially proteome-scale investigations for particular reproductive stages. Here, we report results from a proteomic investigation to detect the KAC status of the developing rice anthers near the time of meiosis (RAM), providing strong biochemical evidence for roles of many KAC-affected proteins during anther development and meiosis in rice. We identified a total of 1354 KAC sites in 676 proteins. Among these, 421 acetylated proteins with 629 KAC sites are novel, greatly enriching our knowledge on KAC in flowering plants. Gene Ontology enrichment analysis showed chromatin silencing, protein folding, fatty acid biosynthetic process and response to stress to be over-represented. In addition, certain potentially specific KAC motifs in RAM were detected. Importantly, 357 rice meiocyte proteins were acetylated; and four proteins genetically identified to be important for rice tapetum and pollen development were acetylated on 14 KAC sites in total. Furthermore, 47 putative secretory proteins were detected to exhibit acetylated status in RAM. Moreover, by comparing our lysine acetylome with the RAM phosphoproteome we obtained previously, we proposed a correlation between KAC and phosphorylation as a potential modulatory mechanism in rice RAM. This study provides the first global survey of KAC in plant reproductive development, making a promising starting point for further functional analysis of KAC during rice anther development and meiosis.
INTRODUCTION
As one of the world's major crops, rice (Oryza sativa) generates a great deal of food for a large population (Zuo and Li, 2013) . Rice grain yield requires the success of reproductive development. In flowering plants, the anther is the male reproductive organ and produces pollen grains to deliver sperm cells for double fertilization (Ma, 2005) . During anther development meiosis generates haploid daughter cells, which carry different genetic materials due to meiotic recombination between homologous chromosomes (Ma, 2005) . Therefore, it is very important to gain new insights into the molecular mechanisms and protein networks involved in development in rice anthers at both gene and protein levels. Molecular and genetic studies have identified a number of important genes involved in anther development and meiosis in rice (Tan et al., 2012; Luo et al., 2014) . Genome-wide investigations, including microarray and RNA-sequencing analyses, have also yielded gene expression profiles and potential modulatory networks (Deveshwar et al., 2011; Bai et al., 2015) . However, relatively few studies have examined the extent to which protein activities during rice anther development are affected by post-translational modifications (PTMs).
Post-translational modifications are known to play important roles in various biological processes, such as protein stability, cell signaling, gene expression and activation/deactivation of enzymatic activity (Khoury et al., 2011) . More than 400 different PTMs have been detected in cells (Khoury et al., 2011) , indicating the great complexity of modulation of protein function by PTMs. We have previously investigated the proteome and phosphoproteome of rice anthers near the time of meiosis (abbreviated as RAM), uncovering many proteins and phosphoproteins, as well as likely enzyme-substrate interactions during RAM development (Ye et al., 2015) . To gain further understanding of PTMs and their possible roles in anther development and meiosis it is necessary to investigate other types of PTM.
Protein lysine acetylation (KAC) is another type of reversible and dynamic PTM found in both eukaryotes and prokaryotes (Verdin and Ott, 2015) . Although KAC was originally identified in histone modification, it was revealed to occur in a large number of proteins (Choudhary et al., 2009; Wu et al., 2011) . KAC was shown to be involved in multiple cellular processes, such as chromatin remodeling and the cell cycle (Choudhary et al., 2009) , DNA doublestrand break formation (Shubassi et al., 2012) , cellular metabolism and microtubule stability (Xu et al., 2017) . Proteomic studies have previously detected more than a hundred KAC proteins in human (Choudhary et al., 2009) , mouse (Kim et al., 2006) and yeast (Henriksen et al., 2012) . More recent analyses using proteomics and antibody-based affinity enrichment for lysine-acetylated peptides have uncovered additional KAC proteins (Rardin et al., 2013; Rao et al., 2014) . In flowering plants, a study detected 44 acetylated proteins with 60 KAC sites in rice suspension cells (Nallamilli et al., 2014) . Also, 1392 acetylation sites in 684 proteins were discovered in an analysis of strawberry leaves (Fang et al., 2015) . Another recent study detected 1337 KAC sites on 716 acetylation proteins in vegetative-stage rice plants (Xiong et al., 2016) . Although these results provide large datasets of KAC proteins and demonstrate the diverse plant cellular functions in which KAC is involved, such data are lacking for plant reproductive cells or tissues.
Here, we took advantage of highly sensitive mass spectrometry (MS), immune-affinity enrichment for KAC peptides and advanced bioinformatics analyses to obtain a landscape of protein lysine acetylation in RAMs. In total, we identified 676 KAC proteins with 1354 lysine-acetylated sites, and further analyzed the data for functions potentially affected by KAC. Further comparative analysis with the RAM phosphoproteome strongly suggests that correlation between acetylation and phosphorylation modulates RAM development. The integrated information presented here not only improves our understanding of the role of protein acetylation in RAMs but also reveals a large number of acetylation sites for potentially important proteins in specific reproductive processes.
RESULTS AND DISCUSSION

Identification of protein lysine acetylation in RAM
To investigate KAC in meiosis and anther development in rice, we conducted a series of experiments as performed in Ye et al. (2015) . The experimental material (RAM) used here was collected from developing anthers at a stage with pre-meiotic pollen mother cells to that with microspores just released from tetrads (Zhang et al., 2011) . We employed a proteome-wide approach combining affinity purification and ultra-high-pressure liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) to determine the KAC profile in RAM (Figure 1a) . Two MS/MS spectra of acetylated peptides (from two anther/meiosis related proteins OsUAM3 and SMC3, respectively) are shown as examples (Figure 1b) . In total, we obtained 1118 lysine-acetylated peptides, which correspond to 1354 distinct KAC sites on 676 proteins (Tables S1 and S2 ). The length of the acetylated peptides ranged from 5 to 63 amino acids, with 91% falling within the length range of 5-20 amino acids (Figure 1c ). The number of KAC sites in a single protein also varied greatly among distinct proteins. Of the 676 acetylated proteins, 423, 125 and 46 had one, two and three KAC sites, respectively ( Figure 1d and Table S2 ). Among the 82 proteins containing four or more KAC sites, the one with the largest number of KAC sites (15) is a histone protein (LOC_Os01 g05970) (Table S2) . Thus, over 100 proteins were detected with multiple acetylated lysine sites with potential functions in rice meiosis and anther development, although it is not known whether these multiple acetylated sites occur on a single polypeptide simultaneously.
To date, although several studies have identified a number of KAC proteins in rice, the materials used were mainly focused on certain vegetative cells or organs, including suspension cells (Nallamilli et al., 2014) , embryos of seeds (He et al., 2016) and whole seedlings (Xiong et al., 2016) . After comparing our data with those in previous reports, we found 421 novel KAC proteins with 629 acetylation sites (Figure 1e and Table S3 ), allowing the possibility that they play specific roles in male reproductive development in rice. Furthermore, we detected 421 novel KAC sites in 255 acetylation proteins that were reported in previous studies, supporting the hypothesis that at least some of these proteins might be differentially modulated by distinct KAC sites between vegetative and reproductive tissues/organs. Therefore, our data not only dramatically expand the plant protein KAC dataset, but also act as a foundation for functional investigation of proteins with KAC during rice anther development and meiosis.
Subcellular distribution and enrichment analysis of KAC proteins in RAMs
To obtain clues about the subcellular localization of the KAC proteins in RAMs we performed enrichment of Gene Ontology (GO) term annotations for these proteins. The results showed that the largest proportion was assigned to cytoplasm, followed by membrane and nucleus (Figure 2a) , similar to the pattern in the RAM phosphoproteome in our previous report (Ye et al., 2015) . In particular, 12.3%, 10.2%, 2.7% and 1.5% of the KAC proteins are located in the chloroplast, mitochondrion, endoplasmic reticulum (ER) and chromosome, respectively (Figure 2a) . Interestingly, previous cytological data showed that the dynamic change of mitochondria in meiosis is highly active (Liberatore et al., 2016) , strongly implying that mitochondria play critical roles in meiosis. However, unfortunately, functional studies have not yet identified any mitochondrial proteins involved in meiosis. Here, we detected more than 10% KAC proteins putatively located in mitochondria, potentially participating in mitochondrial energy metabolism, protein metabolism and other biological pathways. These results imply that lysine acetylation might affect the functions of mitochondrial protein, consequently influencing meiosis and anther development in plants. Notably, 10 KAC Peptide length Number of acetylated peptides non-histone proteins are annotated as chromosome-associated ones ( Figure 2a and Table S4 ). It is known that meiotic chromosomes exhibit highly dynamic behaviors including pairing, synapsis and recombination, these KAC proteins are promising candidates for further investigation of the molecular mechanisms by which KAC could modulate meiotic processes.
To discover further possible functions of proteins affected by KAC in the RAM, we performed protein domain enrichment on the KAC proteins (Figure 2b ). Nineteen domain families were enriched, mainly including histones and metabolic and stress response proteins (Table S2 ). It is notable that three domain families, including the AAA family, DEAD/DEAH box helicases and the AIG1 family, were significantly enriched (Table S2 ). All these domain families belong to the P-loop NTPase superfamily whose members are involved in DNA replication, RNA metabolism and multiple cellular processes (Hanson and Whiteheart, 2005) , suggesting that KAC affects different processes in developing anthers.
To better understand the potential functions of the 421 novel detected acetylated proteins, which possibly play special roles in RAMs, we further assessed GO analysis using DAVID (da Huang et al., 2009) . Forty-five non-redundant GO terms were statistically enriched (P < 1.0 9 10 À2 ), including biological processes, cellular components and molecular functions ( Figure 2c and Table S3 ). With respect to biological process, 16 GO terms, including response to cadmium ions, protein folding and refolding, ribosome biogenesis, translation and response to stress, were significantly enriched ( Figure 2c ). Among these, five KAC proteins were identified in chromatin silencing and five other proteins were involved in cytokinesis by cell plate formation ( Figure 2c ), offering opportunities to study the molecular functions modulated by KAC in meiosis. Moreover, four proteins associated with sporopollenin biosynthesis and eight proteins related to fatty acid biosynthesis were also acetylated ( Figure 2c ). Considering that these two processes have been shown to be important for pollen development (Shi et al., 2015) , we hypothesize that KAC plays important roles in pollen development. As for the cellular component, we found that these 421 KAC proteins were mainly assigned to cytoplasm, membrane, nucleus and chloroplast, similar to the subcellular distribution of total KAC proteins obtained (Figure 2a and c). Regarding molecular function, proteins associated with structural constituents of the ribosome, protein binding and enzyme activity were highly enriched ( Figure 2c ).
Lysine acetylation motifs in RAMs
Previous studies found conserved protein sequence motifs for KAC sites in various organisms (Kim et al., 2006; Cobbold et al., 2016; Xiong et al., 2016) . To investigate whether the KAC proteins identified here display similar or different amino acid sequence preferences we analyzed acetyl-peptide sequences with 15 amino acid residues, containing seven amino acid residues upstream and downstream of the KAC site, using the iceLogo motif builder (Colaert et al., 2009) . In total, 1133 acetylated lysine peptide sequences were analyzed. We observed an enrichment of tyrosine (Y), phenylalanine (F) or histidine (H) at the +1 position, and F at the À1 position ( Figure 3a ). This finding is consistent with previous results in vegetative-stage rice (Xiong et al., 2016) , suggesting that a general pattern of KAC motifs exists in both vegetative and reproductive development. However, glutamate (E) was the most preferred amino acid in the À1 position (Figure 3a ), similar to the result in rice embryos (He et al., 2016) , implying that this motif exists specially in reproductive development from floral organs to the embryo. Furthermore, considering the crucial roles of histones in chromosome dynamics during cell division, especially in meiosis, and the large number of acetylation sites discovered in histones in this study, we performed motif analysis for the acetylated histones alone. We found a preferred K at the +1 position and the enrichment of K across the whole motif ( Figure 3b ), which was obviously different from the pattern previously reported in Plasmodium falciparum (Cobbold et al., 2016) . Compartment-specific analysis of KAC motifs showed that cytoplasmic proteins had a significant enrichment for aspartic acid (D) at the À1 position, while nucleic proteins excluding histones indicated a preferred threonine (T) (Figure 3c and d) . To assess whether KAC occurred preferentially in some particular regions, we divided the protein lengths equally to investigate the KAC distribution pattern. We found that KAC was almost evenly distributed along the length of the proteins ( Figure S1a ). This is distinct from the pattern discovered for phosphorylation modification, which was preferentially located in N-or C-terminal regions (Ye et al., 2016) . Further, we used NetSurfP 1.1 to analyze protein secondary structures surrounding the acetylated lysine and found that the acetylated lysine exhibited a moderate preference for a-helices ( Figure S1b ).
Extensive lysine acetylation sites observed in histones during RAM development
Protein lysine acetylation is a vital reversible modification for histones, affecting gene expression, local chromatin status and the formation of higher chromatin structure in eukaryotes (Sabari et al., 2017) . Given the highly active and dynamic movements of meiotic chromosomes it is speculated that broad acetylation of histones might make a significant contribution to this. Homeostasis of histone acetylation is maintained by a dynamic balance between the enzymatic activities of histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Sabari et al., 2017) . A transcriptome analysis in rice meiocytes detected eight HATs and 11 HDACs were transcribed (Table S5 ), suggesting the possibility that dynamic acetylation of histones plays a crucial role in meiosis. A genetic study revealed that the elevated expression of a GCN5-related histone N-acetyltransferase gene could alter meiotic recombination pattern in Arabidopsis (Perrella et al., 2010) . However, such information on the relationship between histone KAC and meiosis has not been reported for rice, especially for precise KAC sites in histones.
Here, we detected 79 unique lysine-acetylated peptides matched to histones, revealing at most 143 lysine sites. Although histones are highly conserved proteins, there are still considerable sequence divergences among different family members. Figure 4 shows the exact positions of some representative KAC sites. In detail, 47 acetylated peptides have one acetylated lysine site, followed by 27 containing two sites and five possessing three sites (Table S5 ). These data showed that multiple lysine sites were simultaneously acetylated in histones during RAM development. After comparison with the available lysine acetylome in rice, we found 28 newly detected histone acetylation sites in RAM, greatly expanding the map of rice histone acetylation ( Figure 4 and Table S5 ). (b) Acetyl-lysine enrichment of protein domains was assessed using the Pfam 30.0 HMM database. Only the Pfam families with P < 0.05 are presented. The protein domains which are significantly enriched for acetylated lysine were determined by hypergeometric testing. The y-axis represents the ratio of the number of acetylated lysines present in each domain family to the total number of lysines within the domain family. The color represents the significance of the enrichment. (c) GO enrichment analyses. GO terms significantly enriched for three GO categories. Each circle stands for a GO term. Within the Cartesian coordinates (x, y), the closer the circles the more the GO terms are related. Measurement of the circles is relative to the number of related GO terms. The numbers in the circles show the counts of acetylated proteins in the GO terms. The color of the circle represents the significance of the enrichment (P < 0.01).
To date, functional studies have unraveled a few histone KAC sites associated with meiosis. In rice, H3K9 acetylation was shown to broadly decrease during male meiosis (Liu and Nonomura, 2016) . The acetylation of this conserved site was shown to affect meiotic recombination hotspots in yeast (Yamada et al., 2013) . Furthermore, H4K12 and H4K16 acetylation were associated with meiotic chromosome segregation and kinetochore function in human and mouse, respectively (van den Berg et al., 2011; Ma and Schultz, 2013) . Excitingly, all the above acetylated sites were identified in our RAM data, strengthening the need for study of the function of histone acetylation in plant meiosis. Moreover, the relatively large number of other precise KAC sites revealed here provide valuable information for further studies.
Lysine acetylation of non-histone proteins associated with meiosis in rice
Meiosis plays a crucial role in sexual reproduction for eukaryotes, generating haploid gametes. Homologous paring, synapsis, recombination and chromosome segregation are key processes during meiosis. Emerging evidence indicated that KAC could affect non-histone protein functions in meiosis. In yeast it was shown that acetylation of the transcriptional regulator Ume6p can facilitate the induction of the meiotic transient transcription program (Law et al., 2014) . However, evidence is still largely lacking for acetylation of non-histone proteins influencing meiosis in flowering plants.
To detect potential KAC proteins involved in rice meiosis, we next conducted a comparison analysis between the rice meiocyte proteome reported previously (ColladoRomero et al., 2014) and the RAM lysine acetylome here. We found that 357 acetylated proteins, representing over half of the total identified in the RAM, were present in rice meiocytes ( Figure 5a and Table S6 ). This result suggested that KAC might be a general form of protein modification in meiocytes. MapMan analysis for those acetylated meiocyte proteins revealed that they were enriched in DNA synthesis/chromatin structure, protein degradation and folding, RNA processing and regulation of transcription, cell organization and vesicle transport (Figure 5b and Table S6 ). These results revealed that KAC participates extensively in various molecular processes during meiosis. Unfortunately, our current lysine acetylome failed to identify known functional proteins in rice meiosis, perhaps due to the limited genes discovered so far using genetic studies (Luo et al., 2014) . To find more acetylation sites for potential meiosis-related proteins in rice, we searched for rice homologs of known meiotic genes in Arabidopsis and yeast. In total, eight rice homologs of meiotic proteins were found in our data ( Figure 5c and Table S7 ). Among them, four rice proteins are homologs of Arabidopsis meiotic proteins, including SKP1-like, MPA1 and SMC3. Four others are homologs of yeast meiotic proteins: Yng2p, Rfc5, Pds5 and Ase1. Considering the high probability that these homologs have conserved functions in rice meiosis, the acetylation might affect various rice meiotic processes P value = 0.05 -Std. Dev.
-7 -6 -5 -4 -3 -2 -1 acK 1 2 3 4 5 6 7 -7 -6 -5 -4 -3 -2 -1 acK 1 2 3 4 5 6 7 -7 -6 -5 -4 -3 -2 -1 acK 1 2 3 4 5 6 7 -7 -6 -5 -4 -3 -2 -1 acK 1 2 3 4 5 6 7 such as chromosome paring, segregation, condensation and nuclear movement (Lam et al., 2005; Yamashita et al., 2005; Zhao et al., 2006; Maradeo et al., 2010) . These data have dramatically increased our information on the meiotic protein functions that are possibly modulated by acetylation in meiosis. It is notable that, for the SMC3 rice homolog, two neighboring lysine residues (K105 and K106) were acetylated in the same peptide ( Figure S2a and Table S7 ), providing direct evidence for the dual acetylation status of SMC3 in vivo. SMC3 is a subunit of the ring-shaped protein complex called cohesin, which physically holds sister chromatids together during cell division. In vertebrates and yeast, acetylation of K105 and K106, located in the ATPase head domain, were shown to influence the association of sister chromatids and cohesion (Chan et al., 2012; Kulemzina et al., 2016) . However, studies of the modulation of SMC3 function by KAC are still lacking in plants. A protein sequence alignment analysis revealed that both K105 and K106 are highly conserved in rice, maize, Arabidopsis, human, mouse and yeast ( Figure S2a) , suggesting that the acetylation of these residues and their roles in modulating SMC3 might be evolutionarily conserved. In yeast, the acetylation of SMC3 is catalyzed by the acetyltransferase ECO1 (Zhang et al., 2008) . Genetic studies have shown that the Arabidopsis homolog of ECO1 functions in meiosis (Bolanos-Villegas et al., 2013). However, rice has two ECO1 homologs, LOC_Os05 g31230 and LOC_Os04 g42120, with 98% identity at the protein sequence level (Figure S2b ), suggesting functional redundancy between them. Therefore to study their biological function further it will probably be necessary to create a double mutant by the CRISPR/ Cas9 genome editing system.
Lysine acetylation modulating tapetum metabolism in rice
Protein KAC modulates cellular metabolic status, especially affecting important enzymes involved in glucose, amino acid and fatty acid metabolism in human . During the reproductive development of flowering plants, the tapetum, which functions as nurse cells, is metabolically active, especially during early pollen development, supplying nutrients, enzymes and carbohydrates for developing pollen grains and compounds for pollen wall development (Ma, 2005) . Indeed, functional studies have discovered several genes encoding metabolic enzymes to be involved in rice tapetum and microspore development, for example OsACOS12 that participates in fatty acid synthesis (Li et al., 2016a) . However, whether or not these enzymes are acetylated on lysine residue is not clear.
Here, our RAM lysine acetylome identified 14 lysineacetylated sites from 14 non-redundant acetylated peptides, including four known rice tapetum and pollen development proteins ( Figure 6 and Table S8 ). Those proteins are critical for sporopollenin biosynthesis (OsACOS12), pollen intine development (OsUAM3) and callose deposition (OsUGP1), respectively. Interestingly, we found that OsUGP1 has nine lysine-acetylated sites, providing direct evidence for multiple lysine modification for proteins in callose metabolism. In addition, we previously found that OsUGP1 is also modified by phosphorylation (Ye et al., 2015) , suggesting that the function of OsUGP1 might be precisely modulated by distinct post-translational modifications. To learn whether other detected KAC sites are in potential tapetum-related proteins in rice, we searched for rice homologs of known tapetum and pollen development genes in Arabidopsis. We found 15 rice homologs of 13 Arabidopsis proteins in our lysine acetylome, revealing an additional 20 acetylation sites for proteins potentially affecting anther and pollen development ( Figure 6 and Table S8 ). Consistently, most of those proteins are also involved in distinct metabolic pathways related to tapetum function, for instance callose and pollen wall development. A comparison of our previously reported RAM phosphoproteome (Ye et al., 2015) and the lysine acetylome here revealed that proteins encoding transcription factors are preferentially modified by phosphorylation, while those functioning as enzymes are more likely to be acetylated ( Figure 6 ). In particular, among known functional proteins involved in tapetum and pollen development, we found that eight were acetylated. These acetylated proteins are mainly for sporopollenin precursor formation. Six of the proteins were phosphorylated, including four functioning as transcription factors (OsUDT1, OsTIP2, OsTDR and OsMYB103) and two (CYP703A3 and CYP704B2) as enzymes ( Figure 6 ). These results suggested that both phosphorylation and acetylation are both important for modulating protein functions in the rice anther.
Secretory proteins play important roles in anther/pollen development by participating in various metabolic events (Tan et al., 2012 ( Table S9 ). Among these, nine proteins were exclusively expressed in rice tapetum (Table S9) , suggesting the possibility that those secretory proteins are translated in the tapetum, and acetylation might affect their secretion or functions. In human colon cancer cells, a study showed that the secretion of GRP78 is modulated by KAC (Li et al., 2016b) . Interestingly, the rice homolog of human GRP78, LOC_Os02 g02410, was acetylated at six lysine sites in our data, implying that these modifications might also affect its secretion during RAM development.
Correlation between protein acetylation and phosphorylation in RAM
Recently, a correlation between PTMs was proposed following the observation of the same proteins modified by two or more modifications (Soufi et al., 2012) . So far, protein acetylation and phosphorylation are two relatively broadly studied PTMs with experimentally supported crosstalk. For example, in histone H3, phosphorylation of S10 could facilitate subsequent acetylation of K14 (Latham and Dent, 2007) . As support for potential correlation, a previous study identified 114 proteins that had undergone dual modifications for acetylation and phosphorylation in rice vegetative tissues (Xiong et al., 2016) . Here, comparative analysis with our previously reported phosphoproteomic data in the same RAM revealed that 189 proteins were also acetylated ( Figure 7a and Table S10 ), providing evidence for potential correlation between KAC and phosphorylation in the modulation of rice anther development and meiosis. To elucidate the biological functions of these dually modified proteins, we performed GO enrichment analysis. The result showed that nucleosome assembly, glycolytic process, translational initiation, response to cadmium ion and response to heat groups were significantly enriched in the biological process category ( Figure S3 ). KEGG pathway enrichment analysis identified these proteins to be involved in glycolysis/gluconeogenesis, carbon fixation, protein processing in the ER, RNA degradation, the ribosome and endocytosis ( Figure S3 ). In addition, 181 acetylated proteins were exclusively found in the RAM lysine acetylome (Figure 7a) , further expanding the available information on expressed protein in RAM. Furthermore, a comparison with the 114 dually modified proteins detected previously revealed that 156 proteins in our RAM data were novel (Figure 7b) , greatly expanding the correlation information for rice development.
Comparing 357 meiocyte-expressed KAC proteins (Figure 5a and Table S6 ) with the 156 dually modified proteins (Figure 7b ), we found 103 to be overlapped (Table S11 ), implying that the correlation between KAC and phosphorylation might affect rice meiosis. Further, we performed bioinformatic analysis of the protein-protein interaction network to identify the possible nodes and interactions among the KAC proteins from our data that are also preferentially expressed in rice meiocytes (Table S11 ). As shown in Figure S4 , this network contained a number of dually modified proteins at key hubs. In particular, enriched subnetworks were involved in ribosome assembly/translation, protein processing in the ER, RNA transport, glycolysis/gluconeogensis, proteasome, RNA degradation and endocytosis. In this interaction network, over half of the proteins possess more phosphorylation sites than acetylation ones, while those falling in the enriched pathways on sugar metabolism and protein processing in the ER showed more KAC sites ( Figure S4 ). These results suggest that the correlation between acetylation and phosphorylation might modulate protein functions in a wide range of protein interaction networks modulating meiosis and anther development in rice. It was suggested that protein PTMs often occur on closely spaced sites in a specific protein, resulting in functional modulation or signaling transduction (Fischle et al., 2003) . For example, in yeast histone H2B, S10 phosphorylation-induced K11 acetylation was required for apoptosis (Ahn et al., 2006) , showing an important interplay of distinct modifications in close positions. In this study, we also found that a number of acetylation and phosphorylation sites were located close together (with spacing of 10 amino acid residues or less) in 35 proteins (Table S10) . For example, the enolase protein (LOC_Os10 g08550) was found to have acetylation at K324 and phosphorylation at S325. The K324 acetylation was also reported previously (Xiong et al., 2016) , suggesting a potentially similar mechanism modulating its function in both vegetative and reproductive development. Furthermore, we identified another protein, LOC_Os08 g27070, annotated as the co-chaperone protein SBA1, with an acetylation site (K202) and phosphorylation site (S203) next to each other. We also observed closely neighboring acetylation and phosphorylation sites in four proteins (K14 and S16 in LOC_Os04 g47220; K358 and S360 in LOC_Os01 g70020; S570 and K572 in LOC_Os03 g40010; K81 and S83 in LOC_Os03 g51470) (Table S10 ). Because our datasets of lysine acetylome and phosphoproteome were derived from the same RAM, they offers a good opportunity to investigate potential correlation of KAC and phosphorylation globally. For those proteins only modified by phosphorylation or KAC, the number of proteins was negatively related to the number of modified sites (Figure 7c ). However, for those proteins with dual modifications, the above relationship showed a complicated pattern (Figure 7c ). These results suggest that one PTM could influence the level of modification of another PTM in a single protein. Taken together, these data imply that correlation between KAC and phosphorylation might be critical for modulating the functions of those identified proteins, consequently affecting the male reproductive development in rice.
CONCLUSION
In this study, we used high-resolution mass spectrometry combined with immune-affinity enrichment of acetylated peptides to comprehensively investigate the lysine acetylome in a special reproductive stage of the rice anther called RAM. The identification of 1354 KAC sites on 676 proteins not only enlarged the catalog of KAC information in the plant kingdom but also provided many candidates for studying reproductive development in plants. Functional characterization revealed that some of the acetylated proteins in RAM are involved in various biological processes, including meiosis and anther development. Combining our previously reported RAM phosphorylation data, we also identified potential KAC and phosphorylation correlation and interaction pathways for RAM development. Therefore, the data obtained here provide a rich resource for the generation of new hypotheses that can be functionally tested to enhance our understanding of KAC in the context of rice anther development and meiosis.
EXPERIMENTAL PROCEDURES Materials
The materials we used in this study contain modified trypsin (Promega, http://www.promega.com/), Oligo R3 reverse phase (RP) (Applied Biosystems/Life Technologies, http://www.appliedbiosys tems.com/) and pure water (Millipore, http://www.merckmilli pore.com/). As for all other reagents and solvents, the ones with the highest commercial quality were directly used.
Rice meiotic stage anther collection, total protein extraction and trypsin digestion Plant growth conditions were described previously (Ye et al., 2015) . Rice meiotic stage anther collection, total protein extraction and trypsin digestion were conducted as described previously (Ye et al., 2015) . In short, stage 5 to stage 8 rice anthers were freshly harvested and immediately frozen in liquid nitrogen for further total protein extraction. The extracted proteins were digested by Lys-C and trypsin for subsequent procedures.
Affinity enrichment of lysine-acetylated peptides
Acetylated peptides were enriched with agarose conjugated acetyl lysine antibody (PTM1104 PTM Biolabs, https://www.ptmbi olabs.com/) as described previously (Wu et al., 2013) . Briefly, the tryptic peptide mixture was dissolved in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (50 mM MOPS, 50 mM NaCl, 10 mM NaH 2 PO 4 ÁH 2 O, pH 7.2) and incubated with pre-washed anti-acetyllysine agarose beads at 4°C for more than 12 h with constant slow end-over-end rotation. Thereafter, the beads were gently washed more than three times with MOPS buffer and twice with double-distilled water. Then, 0.1% trifluoroacetic acid (TFA) was used to elute the bound peptides from the beads. Finally, the eluted peptides were desalted using Poros R3 micro-columns prior to analysis by MS.
Desalting
Formic acid (FA) was used to acidify the tryptic digests or the eluates from affinity enrichment, which were subsequently loaded onto a pre-equilibrated self-made Poros R3 micro-column (Gobom et al., 1999) . To minimize sample loss, different lengths of the columns were used based on the amount of sample (about 5 lL bed volume of R3 material per 50 lg of sample). Then, first, the R3 column was washed at least twice with 5% FA. Subsequently, 30%
ACN and 60% CAN (each 15 lL) were used to elute the bound peptides. (Guan et al., 2010) . Only those peptides with an expectation value lower than 0.01 and rank was evaluated as No. 1 through the Mascot server were allowed for further analysis. The false positive rate was lower than 1% at the peptide level based on decoy database searches in Mascot. For the remaining lysine acetylated peptides we verified the acetylation site assignments by running custom code.
Nano UHPLC-MS/MS analysis
Bioinformatics analysis
The PPDB (http://ppdb.tc.cornell.edu/) was used to retrieve the best matched Arabidopsis homologs of identified rice proteins. Protein domain enrichment on the lysine acetylated proteins was performed using the HMMER 2.11.1 and Pfam 30.0 HMM databases. Domain enrichment was performed by hypergeometric testing as defined in Cobbold et al. (2016) . The best matched Arabidopsis homologs of identified rice proteins were used to perform annotation classifications. Functional categorization of identified rice proteins was performed using the online DAVID bioinformatics resources (da Huang et al., 2009 ) and the software Mapman v.3.6.0. Non-redundant and highly significant GO terms were visualized using the available web tool REVIGO (Supek et al., 2011) . The online KEGG database (http://www.kegg.jp/ke gg/pathway.html) was used for pathway analysis for those identified rice proteins. The protein-protein interaction network was elucidated based on the STRING database (v.10.5) with a medium-confidence cutoff (0.4) and visualized by Cytoscape (v.3.5.1) (Shannon et al., 2003) . The mass spectrometry proteomics data in this study were stored to the ProteomeXchange Consortium via the PRIDE partner repository with the ID PXD007986 (Vizcaino et al., 2014) . KAC motif analysis was conducted and displayed using the iceLogo motif builder (Colaert et al., 2009 ) with a P-value of 0.01. All protein sequences derived from O. sativa japonica were set as the analysis background. The protein secondary structures surrounding the acetylated lysine were determined using NetSurfP v.1.1.
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